The realization of general aviation Free Flight requires advanced cockpit systems to assist pilots in managing information and decision-making. In this paper, the application of cognitive engineering concepts to cockpit system design for general aviation is discussed. The design of an Aircraft Approach and Landing Assistant is presented as an example of this method. Its purpose is to enhance pilot situational awareness, aid pilot decision-making, and reduce pilot workload during the approach and landing phase in an environment with complex weather, traffic and terrain conditions. The ongoing development of the system is based on the cognitive model of general aviation pilots. It is implemented into existing flight software and a real-time, pilot-in-the-loop flight simulation system is developed for its validation. The proposed approach appears to be a promising candidate for designing intelligent cockpit systems and decision-aiding tools for future general aviation Free Flight pilots.
INTRODUCTION
Free Flight is an innovative air traffic management concept designed to enhance the safety and efficiency of the National Airspace System (NAS). It moves the NAS from a centralized command-andcontrol system between pilots and air traffic controllers, to a distributed system that allows pilots, whenever practical, to choose their own route and file a flight plan that follows the most efficient and economical route. 1 The realization of Free Flight relies on great improvements in current technologies like the Global Positioning System (GPS), Flight Management Systems (FMS), Data Links, and Four Dimensional Navigation.
Ways to enhance current Air Traffic Control (ATC) methods, and tools to meet Free Flight ideals, are often discussed throughout the entire aviation business.
For the past ten years, sophisticated decision support tools have been designed and developed for both ground controllers and airborne pilots. These include the User Request Evaluation Tool (URET), Traffic Management Advisor (TMA), passive Final Approach Spacing Tool (pFAST), and Autonomous Operations Planners (AOP). 2 However, as current Free Flight related research is focused more on ground controllers and commercial airlines, general aviation (GA) Free Flight appears to be a missing piece of the total picture. In parallel to GA Free Flight, another nation-wide project, the Small Aircraft Transportation System (SATS), demands immense technology advancements in GA. The project is currently led by NASA, and aims at providing the nation with a small aircraft transportation system to relieve safety and congestion problems currently on highways and in the air. 3 With over 5,000 small airports already in place across the country, SATS will satisfy the public demand for safe, highspeed mobility and increased accessibility. 3 Although Free Flight will grant GA pilots flexibility to optimize flight trajectories, more responsibility will rest on pilots to ensure the safety of neighboring airspace. Pilots flying in SATS will face similar challenges, as one of the major SATS designated capacities is higher volume of air traffic accommodated at non-radar, non-tower small airports. Future pilots will have to deal with more data fed from various sources, including ground controllers, Flight Information Service (FIS), Weather Information Service (WIS), and other aircraft in the neighboring airspace via Automatic Dependence Surveillance-Broadcast (ADS-B), or verbal negotiation messages. During flights, pilots must continually make decisions about the environment. Does there exist a potential traffic collision? Is the current weather condition suitable for landing? Based on knowledge of the environment, a pilot then determines appropriate actions in response to the current situation. Increased information processing, as well as augmented aircraft safety responsibility, leads to an increased cockpit workload for the pilot. Advanced cockpit systems are in demand to assist pilots in managing information and American Institute of Aeronautics and Astronautics decision-making, but more research is needed to address the evolution of GA cockpit systems to fulfill the technological requirements of GA Free Flight.
During the past seven years, research work has been conducted by the Texas A&M University Flight Simulation Laboratory (FSL) on the design and development of intelligent cockpit systems and pilot decision-aiding tools for GA aircraft. General Aviation Pilot Advisor and Training System (GAPATS) 4 and Hierarchical Agent Based System 5 for GA Conflict Detection and Resolution (CD&R) are two major systems created in these research projects. These two systems were funded by NASA Langley Research Center, the State of Texas, and other industry partners, and will be introduced in brief in the next section.
The research presented in this paper is a natural extension of the previous research, and concentrates on applying a cognitive engineering approach to cockpit system design for GA aircraft. The Aircraft Approach and Landing Assistant is proposed as an example for the method. Its purpose is to enhance pilots' situation awareness, aid pilots' decision-making, and reduce pilot workload during the approach and landing phase in an environment with complex weather, traffic and terrain conditions. The design of the system is based on the cognitive model of general aviation pilots, and is implemented into existing flight software and a real-time, fix-based engineering flight simulator for validation.
PILOT ADVISORY EXPERT SYSTEM
GAPATS is a computerized airborne advisory system for GA pilots. It is used to assess the pilot's flying performance and issue recommendation for pilot actions in all flight phases from takeoff to landing. It infers the flight mode of an aircraft from sensed flight parameters using fuzzy logic methods. The pilot's flying performance is then assessed, based on the interpreted flight mode, an embedded knowledge base, and pilot inputs. According to the pilot's performance, recommendations are issued for specific pilot actions. Such a system improves safety by enhancing situational awareness, and reducing the cost and time required to achieve and maintain pilot proficiency. 4 Figure 1 illustrates the modular layout of GAPATS and the interfaces between software components and hardware components. The interface and integration of the different modules within GAPATS is implemented around a central data object that is used to coordinate the data communication between the different modules. 
HIERARCHICAL AGENT BASED SYSTEM
The hierarchical agent based system provides conflict free flight path guidance in situations where weather and traffic conflicts exist concurrently. 5 The agent system is composed of three independent agents, whose overall structure is illustrated in Figure 2 . The weather agent detects severe weather conditions based on data received from onboard weather radars. It is currently only concerned with large-scale phenomena such as thunderstorms and squall lines. 6 Considering the local weather restrictions, the weather agent computes an optimal conflict free flight path utilizing the A* search method to circumvent any weather conflict. The traffic agent detects air traffic in the neighboring airspace, and keeps the own aircraft out of the protected zones of other aircraft. 7 The agent takes ADS-B state vectors of other aircraft as input, and a combination of a knowledge base expert system and optimal control theory is utilized in a traffic conflict detection and resolution module.
The knowledge base includes the expertise of pilots and American Institute of Aeronautics and Astronautics ATC, air traffic regulations, and flight rules. For the optimal control part, the selected trajectory is optimized using an objective function consisting of the delta magnitude of acceleration, and the primary constraint used is the required separation between aircraft. The weather and traffic agents are assumed to be independent of each other, and make individual formulations of the flight paths required to avoid their particular conflicts. The executive agent is a higherlevel agent, which acts as an arbitrator when the altered flight paths recommended by the weather and traffic agents conflict. 7 By considering the spatial and temporal characteristics of the conflicting guidance, it classifies them as either tactical or strategic in nature, prioritizes them according to a pre-defined rule base of conflict priorities, and gradually switches the guidance between the weather and traffic agents. The agent based hierarchical system, when integrated with a simplified flight management system coupled with a three-axis autopilot, offers an effective and reliable guidance and navigation solution for multiple conflict situations. 5
COGNITIVE OR AUTOMATED SYSTEM?
The hierarchical agent-based system is developed as a fully automated system. It sends the flight guidance directly to the autopilot, which flies the aircraft along the new flight path to avoid conflicts. Although the pilot can accept or reject the recommended flight trajectories by turning the system on or off, he is excluded from the decision-making loop in determining conflict resolutions. The evaluation result shows that the current system fails to provide resolutions in some extreme circumtances. 5 More research work is necessary to upgrade the system so that it can handle more situations. However, since the feasibility and efficiency of this automated system may not be proven in the near future, it was decided that human pilots should remain in the decision loop. When the fully automated tools cannot entirely substitute for pilots, they should only be created and implemented as decision-aiding tools for the pilot. This kind of joint human-machine system is usually created using a cognitive engineering approach. A cognitive engineering approach emphasizes the interaction between pilot and machine, and how the machine may assist the pilot in performing a task. Compared to technology-driven approaches, cognitive engineering approaches do not eliminate the pilot from the decision making loop.
Before designing a joint human-machine system, we should examine the strengths and weaknesses of both humans and automations. Automations have advantages in monitoring and repeating simple tasks. However, automations are not good at managing information from various sources and making good decisions. According to human factors research done by the FAA, "People are notoriously poor monitors." 8 On the other hand, "People are flexible information processors who are sensitive to changing conditions and situations.
They are resourceful in using both quantitative and qualitative information and in integrating information received from various sources." 8 It is the exceptional information-managing capacities, complemented with training and experience, that make the pilot an irreplaceable part of the cockpit.
As more automations such as the autopilots and FMS are employed in the modern cockpit, the role of the pilot is changing from a manual controller or navigator to an information processor and systems monitor. Due to the different characteristics of humans and automations, a tool will be more acceptable to pilots if it is able to decrease monitoring tasks and simple repetitive tasks, and offer more information to assist decision-making. However, because humans can absorb and make use of only limited quantities of information, the challenge in designing such a pilot decision aiding tool is to determine what information is truly significant so as not to overwhelm the pilot.
From the perspective of situation awareness, there are three distinguishing types of information processing:
skill-based processing, rule-based processing, and knowledge-based processing. 11 A typical example of the skill-based processing is putting the gear up when the aircraft leaves the ground during take off. It has a reflexive-like quality, which means the stimulus automatically leads to the response. Rulebased processing is similar to the skill-based processing, which also has a direct link between perception and response. Both of them arise as consequences of extended exercises in the consistent environment. The difference between the two is that the consistency for a skill-based process is normally established through space-time properties of a feedback signal, while the consistency for a rule-based process is generally constructed by conventions like language and text. The consistencies existing in the environment may increase pilots' efficiency in processing information and decision-making. However, consistencies may not always be maintained in complex environments, where unanticipated fault or unpredictable event may occur. Knowledge-based processing is utilized in cases where no action may be found directly related to the presented situation. It requires the pilot to integrate information from various sources, interpret the unknown situations, and find solutions to the problems. Of course, the more American Institute of Aeronautics and Astronautics experienced the pilot is, the less he needs knowledgebased processing. Successful real-time decision-aiding tools for pilots should drastically reduce the need for knowledge-based processing, so that pilots are able to perform flight tasks more efficiently and safely under time pressures.
DESIGNING A COGNITIVE TOOL
Of all the flight phases, approach and landing has the highest task requirements. A pilot usually has to carry out several tasks simultaneously during this phase. For example, when flying a contemporary instrument approach, a pilot needs to check the flight charts from time to time, control the aircraft to follow a certain approach procedure, examine the current aircraft states, decide whether to continue landing or execute a missed approach, and remain in radio communication with ground controllers at all times during the process. In future GA Free Flight and SATS, some current ground controller duties (avoiding severe weather conditions and keeping safe distance with other aircraft, etc.) will be delegated to airborne pilots. This will make approach and landing without any assistance a difficult flight task. The Aircraft Approach and Landing Assistant is designed as a real-time decisionaiding tool for pilots in these kinds of high workload situations, especially in the environments with complicated weather, traffic, and terrain conditions. The overall structure of the Assistant is that of a multiagent system, composed of a set of intelligent agents ( Figure 3) . In contrast to the hierarchical agent-based system, the Assistant does not make decisions for pilots, but rather assists pilots to process information more efficiently and make better decisions under time pressure. Info.
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Aircraft Approach and Landing Assistant Figure 3 Overall Structure of the Assistant At present, the design process of the system follows the eight steps in designing En Route Air Traffic Organizer (ERATO). 12 ERATO is also a cognitive system, which is developed as a decisionaiding tool for air traffic controllers in en-route airspace. The original design process is illustrated in Figure 4 , and modification may be made to some of the steps during the process. Establishing a cognitive model of a GA pilot executing an approach and landing in a complex environment specifies the common mental mechanism with which pilots process information and make decisions in high workload situations. Two kinds of mechanisms will be studied. First, those that are involved in the management of the physical process, e.g., flying along a prescribed ILS trajectory and maintaining a safe distance from other aircraft. Second, those that are involved in interface management, e.g., checking the glide slope and localizer indicator to maintain the aircraft on the ILS path, and reading the inputted weather information to judge the severity of the weather conflicts and to decide if landing at an alternative airport is necessary.
One efficient method in building the cognitive model is observing and interviewing pilots. Instead of using a real aircraft, the engineering flight simulator (EFS) in the FSL of Texas A&M University is employed as the primary experimentation platform. The EFS is a real-time, nonlinear, six degree-offreedom fixed base simulator ( Figure 5 ). It contains a cockpit with re-configurable, multifunctional displays that can be rapidly modified and tailored to fit individual project needs for a wide range of general American Institute of Aeronautics and Astronautics aviation, commercial, and military cockpit displays. The external environment is displayed on a three panel projection surface that allows the pilot a field of view of 75 degrees vertically and 155 degrees horizontally. The EFS is currently configured to simulate the Rockwell Commander 700, a light twin-engine GA aircraft.
Figure 5 Engineering Flight Simulator Cockpit and External Environment
Assessing Bottlenecks. This process identifies the reasons of poor and good pilot performance during the approach and landing phase, especially demanding environment, such as severe weather or high volume air traffic.
Specifying Basic Functions of Decision Aids.
Some of the proposed functions of the Assistant are:
Preprocessing Information. Raw data from various sources must be filtered, simplified, and synthesized before being fed to the interface manager, the conflict resolution modules, and other modules of the Assistant. For example, using weather radar data of a squall line, the weather agent of the Assistant should determine the hazardous airspace of high thunderstorm intensity, estimate the severity of the weather threat to the approach, and indicate the potential dangerous parts along the approach path. The conflict resolution module of the weather agent can use this information to suggest an alternative flight path or flight procedure. All of this information allows the pilot to decide whether or not to continue the approach or find an alternative airport. From the standpoint of situation awareness, raw data should be interpreted into information that leads to skillbased processing and rule-based processing.
Unnecessary knowledge-based processing should be decreased as much as possible. Specifying Interfaces.
The interfaces between the Assistant and the pilot include the existing Soft Pilot/FMS Interface (SPiFI) and the Head-down Moving Map Display (HDD).
SPiFI functions as the pilot interface to a Simplified Flight Management System (SFMS). 5 Three fundamental functionalities of SPiFI have been completed to date. The first one is an Autopilot Input Interface ( Figure 6 ) for controlling autopilot modes. The second function is a Flight Planning Input Interface for constructing and modifying flight plans. The third function is the Agent System Control Interface for controlling the hierarchical agent based system introduced in a previous section.
Figure 6 Autopilot Input User Interface Page American Institute of Aeronautics and Astronautics
HDD is the pilot interface to both GAPATS and the hierarchical agent based system. 4, 5 It also serves as a multi-functional information display for navigation, weather, traffic, and other necessary flight information. As shown in Figure 7 , the current interpreted flight mode is shown in the top-left of the HDD, and the warning messages for pilots are shown in the top-center. The tiny aircraft icon in the middle of the moving map represents the subject aircraft, and the blue line indicates the current flight path of the subject aircraft. For the current hierarchical agent-based system, squall lines models are approximated using Gaussian functions, and the corresponding simulated on-board weather radar image is presented in the fanshape area before the icon. The HDD can also display real-time weather radar information provided by Weather Surveillance Radar -88 Doppler (WSR-88D) systems (Figure 8 ). Other icons on the moving map imply various types of navigation aids like VOR, NDB. Functioning as a simplified cockpit traffic information display (CDIT), HDD also displays other aircraft in the neighboring airspace. The circles around the aircraft denote their protected zones, which must not overlap with that of the subject aircraft. As illustrated in Figure  9 , the circle around an aircraft will flash red (top left) to warn of potential traffic collisions. As the Assistant contains knowledge-based components, building a logic tool is necessary to represent the pilot's knowledge. The logic tool is composed of several different types of logic, such as fuzzy logic, crisp logic, and temporal logic.
Encoding Expert Systems/Knowledge-based System. This is a software-programming process, in which the expert systems modeling the pilot's knowledge will be encoded in CLIPS, a common expert system programming language, and in PROLOG, another programming language suitable for symbolic computation and non-numerical programming.
Software Implementation.
The implemenation of the Assistant itself, as well as its integration with other components of EFS system in software. American Institute of Aeronautics and Astronautics Evaluation of the system on EFS.
Besides acting as the experiment platform for establishing a pilot cognitive model, the EFS appears to be an efficient and economical platform for the evaluation of the Assistant before its implementation on a real aircraft.
SIMULATION CAPACITY AND CAPABILITY
The current simulation system in FSL is being extended to satisfy the requirements of validating advanced cockpit system design. Another ongoing research project named "Automation Capability Analysis for Non-Controlled Airports" also needs testing and verification tools to validate the operation concepts and procedures introduced. 14 One promising solution is the use of distributed interactive simulation. There are various air traffic simulation systems designed for evaluating future ATM models and concepts, as listed in Ref. 15 Based on these existing systems, an Air-traffic Information Management System (AIMS) will be developed in the FSL to address the simulation requirements for ongoing research in GA Free Flight and SATS. It is the extension of the preceding research concept of the Multi-Aircraft Simulation System (MASS), a simplified simulation system developed for the evaluation of the hierarchical agent-based system. 5 In order to make AIMS an open simulation platform that satisfies the comprehensive simulation requirements for different kinds of ATM research projects, it is built as an agent-based and plugin modular simulation system. Figure 11 shows the hierarchy architecture of AIMS. Traffic Scenario Generator.
The traffic scenario generator is the key element of AIMS, which sets up the initial settings for each simulation. The initial settings of a simulation including the initial configuration and conditions of each aircraft (model, CD&R model, position, velocity, etc.); the airspace domain, either en-route airspace or terminal airspace; the weather and terrain configuration; and the simulation mode, either fast-time or real-time mode. The traffic scenario generator generates traffic scenarios based on a combination of actual air traffic data, and simulated traffic data created by known traffic distribution functions.
Simulated traffic data is complemented to real traffic data to create reasonable air traffic of high volume in future GA Free Flight or SATS environment.
Intelligent Aircraft Agent.
Each aircraft in AIMS is implemented as an intelligent aircraft agent. As shown in Figure 12 Implementation of an airport model is subdivided into four steps. First, terrain configuration of an airport and its surrounding area is generated based on its one-degree U.S. Geological Survey (USGS) Digital Elevation Models (DEM). Second, weatherconstrained airspace at the terminal area of an airport is generated based on real-time weather conditions. Third, data transfer and data interpret functions are developed for the interactive actions between intelligent aircraft agents and the airport. Finally, as the focus of future research, improved terminal area traffic flow management functions will be designed and implemented, including arrival runway load balancing, an arrival sequencing algorithm, and arrival flow replanning, given a perturbation such as runway change or severe weather.
Weather Model.
Actual weather data can be obtained from some resources on the Internet. These data are either recorded data in the form of historical databases, or live data, e.g., those provided by National Oceanic and American Institute of Aeronautics and Astronautics Atmospheric Administration (NOAA) or National Weather Service (NWS). As most weather data is discrete data points, establishment of the weather model requires applying interpolation/extrapolation methods and ruled-based model identification methods.
Integrated with the EFS, AIMS has the capacity to provide human-in-the-loop, real-time simulation environments, which is pivotal to the design, implementation, evaluation and validation of AALA. Furthermore, to provide a high-fidelity simulation of environments with complex weather, traffic and terrain conditions, new features will be added to the visual environment of the EFS, as shown in Figure 13 and Figure 14 . 
SUMMARY AND CONCLUSIONS
This paper presents the rationale and concepts for a cognitive engineering approach to the design of advanced cockpit systems for general aviation aircraft. It appears to be a promising alternative to the common technology-driven approach in cases where the roles of human pilots may not be replaced by automations. The Aircraft Approach and Landing Assistant described in this paper was presented as an example of designing decision-support tools for pilots using the cognitive engineering approach. Its purpose is to aid pilots in processing information and making decisions during the approach and landing phase in complex environments. Use of real-time, pilot-in-the-loop flight simulation in each phase of the Aircraft Approach and Landing Assistant development greatly enhances its utility.
